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Summary 
 
This thesis aimed to investigate enzyme catalyzed synthesis of O-acyl sucrose in 
organic hydrophilic solvents. The synthetic activity, regio-selectivity, and enzyme 
stability of alkaline protease AL 89 in hydrophilic, aprotic solvents was investigated 
using activated vinyl fatty acid esters as acyl donors. The regio-selectivity of the 
alkaline protease was shown to be towards the 2-OH of sucrose catalyzing the 
formation of 2-O-acyl sucrose which again served as a substrate for the protease 
resulting in the synthesis of 3-O-acyl sucrose. The optimal reaction conditions 
(substrate molar ratio, amount of water, temperature) were found at 70 °C with the 
acyl acceptor to donor ratio of 1:1.5 and a water content of 0-2% (v/v). The fatty 
acid chain length of acyl donor did not significantly affect the formation rate. 
 
6-O- and 6’-O-stearoyl sucrose were enzymatically synthesized by Candida 
antarctica lipase B in tertiary-alcohols with polar solvents (either pyridine or 
DMSO) as co-solvents. The highest initial formation rate of 6-O- and 6’-O-stearoyl 
sucrose were obtained when performing the reaction in a solvent system of 45% 
pyridine in 2-methyl-2-butanol in which solid sucrose was continuously dissolved 
and consumed for the synthesis of esters. The sucrose solubility increased in the 
solvent system with hydrophilic co-solvents in the following order: no-co solvent< 
45%Pyridine < 20%DMSO < 55%Pyridine while the regio-selectivity towards the 
formation of 6-O-stearoyl sucrose decreased in the order of no-co solvent>45% 
pyridine> 55% pyridine> 20%DMSO. The regio-isomeric distribution defined as the 
final concentration of 6-O-stearoyl sucrose to 6’-O-stearoyl sucrose in the reaction 
system with no-co solvent was 2:1 whereas in the reaction system with 20% 
DMSO it was 1:1.  
 
A procedure for separation of mono-O-caproyl sucrose regio-isomers was 
developed by chromatography. The stability of the purified 2-O-caproyl sucrose 
and 3’-O-caproyl sucrose was observed to be strongly dependent on the drying 
temperature during the solidification step. In the presence of water at 60 °C, the 
acyl group of the purified 2-O-caproyl sucrose migrated to form 3-O- and 6-O-
 
 
 
caproyl sucrose. At the same conditions, the stability of the purified 3’-O-caproyl 
sucrose was higher than 2-O-caproyl sucrose as impurities of 6-O-caproyl sucrose 
were not detected. Performing solidification by lyophilization, absolute purity of 3’-
O-caproyl sucrose and 96% purity of 2-O-caproyl sucrose with 4% of 3-O-caproyl 
sucrose was obtained.  
 
The synthesis, analysis, purification and characterization of mono-O-acyl sucrose 
presented in this work could be applied for the preparation of pure and well-
defined mono-O-acyl sucrose regio-isomers for the investigation of structure-
function properties in relation to their applications as emulsifiers and surface active 
compounds.
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1. 
Introduction 
 
Carbohydrates are the most abundant organic compounds on the planet. They are 
renewable, sustainable resources which are at the same time relatively 
inexpensive sources of carbon and hydrogen from which a wealth of bulk and fine 
chemicals can be produced. Their chemical structures are polyhydroxyl aldehydes 
or ketones which can be reduced to give sugar alcohols, oxidized to give sugar 
acids, derivatized or substituted at one or more of the hydroxyl groups resulting in 
many different functional properties. Different positions and the degree of 
substitution result in different physicochemical properties, which in turn will be vital 
to industrial applications (Khan, 1995). 
 
Sugar fatty acid esters constitute an interesting group of non-ionic surfactants with 
potentially important applications in a range of industries. The surface active 
properties of this type of amphiphilic molecules have very good emulsifying, 
stabilizing and conditioning effects. In addition, they are not harmful to the 
environment as they are completely biodegradable under both aerobic and 
anaerobic conditions. 
 
Biocatalysis in organic solvents developed over the last three decades of the 20th 
century into well-established processes for the synthesis of chemical compounds 
(Koeller and Wang, 2001). The use of biocatalysts in ester synthesis offers 
advantages especially regarding substrate specificity and regio-selectivity that are 
difficult to obtain by conventional chemical catalysis. Moreover, enzymes are very 
versatile, active, selective, and environmentally friendly catalysts that generally 
work under mild conditions. Hydrolytic enzymes, including lipases and proteases, 
can catalyze condensation reactions provided that the thermodynamic equilibrium 
is shifted. This can be obtained by performing the reaction in organic solvents 
instead of water (Iyer and Ananthanarayan, 2008). Enzymes show selectivity at 
three levels: chemo-, regio- and stereo-selectivity. Chemo-selectivity is the ability 
of the enzyme to direct the catalytic reaction to a specific functional group in the 
molecule such as a hydroxyl or an amino group.  Regio-selectivity concerns the 
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ability of enzyme to distinguish between several functional groups of the same kind 
and direct the reaction towards one particular position of the substrate, as known 
from hydroxyl groups of carbohydrates. The regio-selectivity is an important issue 
as the regio-isomers of a particular compound may differ in their toxicity, smell, 
taste, and biodegradability. The stereo-chemical properties of enzymes are 
extremely attractive in organic synthesis. Enzymes may be used for production of 
enantiopure chiral molecules either by enantioselective asymmetric synthesis or by 
de-racemization (resolution) of racemic mixtures.  
 
1.1 
Aim of the research 
The research presented in this thesis concerns the synthesis, analysis, purification 
and characterization of O-acyl sucrose from esterification reactions using vinyl 
activated fatty acid esters as acyl donors. The synthetic methods were 
investigated and developed by using enzymatic biocatalysis with focus on the 
alkaline protease from Bacilllus pseudofirmus strain AL 89 and Candida antarctica 
lipase B (CALB). The hydrolytic and synthetic activity, stability, and the regio-
selectivity of the alkaline protease AL 89 was investigated in a solvent system of 
hydrophilic aprotic solvents. The parameters affecting the rate of O-acyl sucrose 
synthesis with different fatty acid chain length of acyl donors were included in this 
work. The separation and purification of mono-O-caproyl sucrose regio-isomers 
was established based on low and high pressure chromatography.  
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2. 
Carbohydrate based surfactants   
 
Surfactants are surface active molecules containing a water-soluble and a fat 
soluble part and can be classified into 4 groups: anionic, cationic, amphoteric, and 
nonionic. The carbohydrate-based surfactants are typically nonionic surfactants 
primarily used in products such as detergents, cosmetics, pharmaceuticals and 
foods as well as in many industrial processes. They are physiologically, 
dermatologically and biologically acceptable, odorless, tasteless, and 
biodegradable. They are stable at pH 4 to 8 and at temperatures up to 180 °C. 
The overall performances such as emulsification, detergency, foam power, and 
wettability, are comparable with other surfactants and for some applications even 
superior. The uses of surfactants are determined by the particular functionality 
with respect to their solubility in oil and water which can be expressed and 
quantified as their hydrophilic-lipophilic balance or HLB value.  
 
Sugar fatty acid esters offer a wide range of HLB values (see Table 1), ranging 
from zero to twenty, depending on (i) the alkyl chain length of acyl group, (ii) the 
degree of substitution or the number of ester groups per molecule, (iii) the degree 
of unsaturation of the acyl chain (Gupta, 1983). The behavior of sugar fatty acid 
esters is caused by the presence of the hydrophilic free hydroxyl groups and the 
hydrophobic alkyl chains.  
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Table 1 Hydrophilic-Lipophilic Balance (HLB) of some sugar fatty acid esters    
(herbaria, 2009)  
 
Compounds HLB value* 
Sorbitan trioleate 1.8 
Sorbitan tristearate 2.1 
Sorbitan monoleate 4.3 
Sorbitan monostearate 4.7 
Sorbitan monopalmitate 6.7 
Sorbitan monolaurate 8.6 
Maltose monostearate 11.2 
Maltose monopalmitate 11.8 
Maltose monomyristate 12.4 
Sucrose monostearate 11.2 
Sucrose monopalmitate 11.8 
Sucrose monomyristate 12.4 
         *HLB = (L/T) x 20 (L and T referred to the molecular weight of the hydrophilic part of the  
                     molecule and the total molecular weight, respectively) 
 
 
2.1  
Sucrose based emulsifiers 
 
Sucrose fatty acid esters classified as nonionic surfactants are widely used in 
foods, cosmetics and pharmaceuticals as emulsifiers (Allen and Tao, 1999). 
Sucrose esters were approved in 1959 for use as food additives in Japan (Polat 
and Linhardt, 2001) and subsequently found worldwide approval for a wide range 
of applications including personal care products, cosmetic applications and food 
emulsifiers (Hill and Rhode, 1999; Garti et al., 2000). The Acceptable Daily Intake 
(ADI) of sucrose esters is 0-2.5 mg/kg body/day (Lauridsen, 1976). The properties 
of sucrose esters can range from water soluble surfactants (high HLB, most 
hydrophilic) to oil soluble surfactants (low HLB, most hydrophobic) (see Table 2).   
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Table 2 Approximation of HLB values of surfactants as a function of their solubility  
  in water (Sartomer, 2009) 
 
Solubility in water HLB value* Description 
Insoluble 4-5 Water in oil emulsifier 
Poorly dispersible  
(milky appearance) 
6-9 Wetting agent 
Translucent to clear 10-12 Detergent 
Very soluble 13-18 Oil in water emulsifier 
   *HLB = (L/T) x 20 (L and T referred to the molecular weight of the hydrophilic part of the  
              molecule and the total molecular weight, respectively) 
 
2.2  
Synthesis of sucrose fatty acid esters  
 
Chemical catalysts are generally used for the synthesis of sucrose esters for 
example, sodium methoxide, or alkaline catalysts. However, the alkaline 
catalyzed transesterification reaction normally proceeds faster than the acid 
catalyzed counterpart (Freedman et al., 1986). With potassium carbonate as 
catalyst, the synthesis of sucrose fatty acid esters by tranesterification with methy 
fatty acid esters has been carried out at 90 °C at a pressure of 80-100 mmHg in 
DMF for 9 to 12 hrs obtaining a mixture of sucrose fatty acid esters ranging from 
mono-, to pentaesters. As sucrose fatty acid esters containing one to three fatty 
acids are approved for a range of industrial applications, several methods have 
been developed to achieve reactions with a higher selectivity to provide a high 
amount of monoesters. Using potassium carbonate as the catalyst and propylene 
glycol as a solvent, 85% yield of sucrose monoesters and 15% yield of for 
sucrose diesters were obtained. In this reaction, the product itself formed an 
emulsion to conduct the reaction in a developing micro-emulsion system (Osipow 
and Rosenblatt, 1967). Recently, Cruces et al (2001) reported 72% yield of 2-O-
lauroyl sucrose obtained using Na2HPO4 as catalyst at 40 °C for 5 hrs in DMF 
with vinyl laurate as acyl donor.  
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Alternatively biocatalysts, mainly proteases and lipases, can be used for the 
synthesis of sucrose fatty acid esters in the organic solvents with the main 
advantages of their selectivity, especially for the synthesis of mono-O-acyl 
sucrose (see Table 3).  
 
Table 3 Enzyme catalyzed acylation of sucrose in organic solvents 
 
Enzyme Solvent Acylating agent 
 (Acyl chain length) 
Acylation position on 
sucrose  molecule 
Reference 
Protease N DMF Vinyl ester (C8) 1’ Carrea et al., 1989 
Protease N DMF Methyl ester  
(C8-C12)  
1’ Potier et al., 2001 
Subtilisin DMF 2,2,2-trichloroethyl 
butyrate (C4) 
1’ Riva et al., 1988 
Subtilisin BPN’ Pyridine Vinyl ester (C2-C10) 1’, 6 Rich et al., 1995 
Subtilisin Carlsberg Pyridine Vinyl ester (C2-C10) 1’,6 Rich et al., 1995 
Subtilisin Pyridine Vinyl ester (C12-C18) 1’ Polat et al., 1997 
Thermolysin DMSO Vinyl laurate (C12) 2 Pedersen et al., 2002 
  Alkaline protease  
AL 89 
DMF:DMSO 
(1:1 v/v) 
Vinyl ester  
(C10-C18) 
2 Ritthitham et al., 2009 
Candida antarctica 
lipase B 
t-butanol Ethyl butyrate (C4) 6, 6’      Woudenberg et al.,  
     1996 
Candida antarctica 
 lipase B 
t-pentanol- 
Pyridine 
(11:9 v/v) 
Vinyl stearate (C18) 6, 6’ Ritthitham et al.,  
(Paper IV) 
 
 
2.3  
Applications of sucrose fatty acid esters  
 
Sucrose fatty acid esters have been commercially and extensively used in foods 
where they improve the emulsion stability and the textural properties (Farooq and 
Haque, 1992). Phosphorylated sucrose stearate prepared by dry-heating sucrose 
stearate with metaphosphoric acid showed a higher solubility and better 
emulsifying properties than sucrose stearate and improved the thermal behavior 
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of potato starch by increasing  the gelatinization temperature, decreasing the 
viscosity and inhibiting retrogradation (Yamagishi et al., 2004). 
   
Mono-O-lauroyl sucrose was proved to affect cancer cell growth as the antitumor 
activity was shown both in vivo and in vitro (Kato et al., 1971) and it could 
inactivate the food pathogenic bacteria Escherichia. coli O157:H7. Moreover, a 
synergistic inhibitory effect with heat in the presence of EDTA was observed 
(Hathcox and Beuchat, 1996). 6-O-lauroyl sucrose at 1 g/l completely inhibited the 
growth of Streptococcus sobrinus (Devulapalle et al., 2004).  
 
In pharmaceutical applications, sucrose stearate and sucrose palmitate were 
used as a tablet matrix forming agent in order to control the dissolution rate of 
drug release (Ntawukulilyayo et al., 1995). 
   
Olestra, a sucrose-based fat substitute (non caloric fat) containing six or more 
fatty acids per sucrose molecule, has been developed by Proctor and Gambel in 
the early 1970s and marketed under the brand name Olean (Stauffer, 1999). The 
nutritional properties are similar to triglycerides, but it is not digestible by lipolytic 
enzymes.   
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3. 
Biocatalyst in organic solvents  
 
In the present work, two different serine hydrolases were used as biocatalysts for 
the synthesis of O-acyl sucrose, the alkaline protease from Bacillus pseudofirmus 
AL 89, classified as a member of the subtilisin-like protease family and the 
commercial lipase from Candida antarctica lipase B: Novozym 435. 
 
3.1  
Subtilisin (EC 3.4.21.14) 
 
Subtilisins belong to the clan (or superfamily) of subtilisin-like serine proteases 
and have been classified into the following six families based on their amino acid 
sequences: subtilisin, thermitase, proteinase K, lantibiotic peptidase, kexin (pro-
protein convertases), and pyrolysin. Subtilisins are produced only by 
microorganisms, mainly from Bacillus strains and their molecular weight ranges 
from 15 to 30 KDa with few exceptions, like a 90 KDa subtilisin from Bacillus 
subtilis (natto) (Kato et al., 1992).  Based on sequence alignment of the catalytic 
domain (Siezen and Leunissen, 1997), subtilisin family proteases are sub-
grouped into three subfamilies: true subtilisin (> 64% sequence identity within 
catalytic domain), high-alkaline protease (> 55% sequence identity within catalytic 
domain), and intracellular protease (> 37% sequence identity within catalytic 
domain).  The subfamily of true subtilisin and alkaline proteases are industrially 
important biocatalysts utilized in laundry detergents and as biocatalysts for the 
synthesis of carbohydrate esters in organic solvents.  
 
The secondary and tertiary structure of subtilisin has been determined by X-ray 
crystallography, showing a globular protein with α-helixes and a large β-sheet. 
Generally, the fold of subtilisins consists of 8 α-helixes and 9-11 β-strands with the 
calcium ion binding sites (Nonaka et al., 2004). The N-terminal amino acid 
sequences of the subtilisins (see Fig 1) start with alanine (Yamagata et al., 1995).  
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Fig 1   Alignment of the N-terminal sequence of subtilisin ALP (I), Subtilisin Carlsberg 
(Carlsberg), alkaline protease (AH101), alkaline protease (M-protease) and 
subtilisin BPN’ (BPN’)  (Kojima et al., 2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2 3-D structure of subtilisin showing the residues of the catalytic triad, Ser 221,      
His 64, Asp 32 (Arnorsdottir et al., 2005) 
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The active site region of the mature protease is well conserved in all subtilisins 
and contains the catalytic triad with three essential amino acids: Asp32, His 64 
and Ser 221 (see Fig 2). The catalytic mechanism involving the serine residue is 
composed of two steps: acylation and deacylation (see Fig 3). In the acylation 
step, serine reacts with the substrate and subsequently forms an ester bond 
leading to the acyl-enzyme-intermediate and the formation of free alcohol. In the 
deacylation step, an alcohol attacks the intermediate. The ester product is 
released and the enzyme turns to its original state (Jaeger and Rietz, 1998). The 
histidine residue has a dual role: first, it accepts a proton from serine to facilitate 
formation of the ester bond, and secondly, it stabilizes the negatively charged 
transition state. By stabilizing the positive charge of histidine, the aspartic acid 
residue contributes to a rate enhancement in the order of 104 (Branden and 
Jooze, 1999).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3 Catalytic mechanism of serine hydrolases involving the catalytic triad (Ottosson, 
2001) 
 
Subtilisins have been successfully used for the regio-selective acylation of 
carbohydrates in anhydrous media. The transesterification of sucrose with fatty 
acid esters using subtilisin as a catalyst showed a high regio-selectivity toward 
formation of 1’-O-acyl-sucrose (experimentally 80-90% of the product). Formation 
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of an ester bond by transesterification of sucrose with vinyl laurate involving the 
catalytic triad of the subtilisin active site (see Fig 4) demonstrated that the 1’-OH 
was preferred to adducts formed at the other OH-groups. Thus, the 1’-OH adduct 
was the least sterically constrained when exposed to the reaction media and the 
energy driving the reaction was proved to depend on entropic factors (Fuentes et 
al., 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4  Active site of subtilisin (catalytic triad and oxyanion hole) and its interaction with 
sucrose (6-OH, 6’-OH and 1’-OH) in the process of transesterification of sucrose 
with vinyl laurate (Fuentes et al., 2002).   
 
 
3.2  
Bacillus pseudofirmus AL 89 alkaline protease  
 
The alkaline protease AL 89 was the biocatalyst used for the investigation of       
O-acyl sucrose synthesis in hydrophilic organic solvents. The enzyme was 
produced by Bacillus pseudofirmus strain AL 89 which was isolated from soil 
samples at a Soda Lake in Ethiopia. With respect to proteolytic activity in aqueous 
solution, the enzyme proved to be highly active at pH 11.0 and 60 °C (Gessesse 
et al., 2003).  At temperatures above    60 °C, Ca2+ was shown to improve its 
stability. The enzyme was classified as a member of subtilisin family with a  
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molecular weight of 24 kDa. Alignment of the purified protease AL-89 protein 
sequence compared to the subtilisin ALP I sequence showed the 87% homology 
to subtilisin ALP I pre-pro sequence (see Fig 5). Ser 50 and Asp 185 of subtilisin 
ALP I sequence was substituted with Pro 50 and Ser 185 on the protease AL 89 
sequence, respectively (Fallesen, 2009). 
 
 
 
 
 
 
 
 
Fig 5  Alignment sequence of alkaline protease AL 89. The bold red represented the 
peptide matched with subtilisin ALP I (Fallesen, 2009) 
 
 
The alkaline protease AL-89 proved to be catalyzing for the synthesis of 2-O-
lauroyl sucrose in hydrophilic organic solvents. The synthetic activity of alkaline 
protease AL 89 depended on the pH in the purification of the enzyme preparation. 
After the concentrated enzyme was dialyzed against milliQ water, the pH of the 
enzyme solution was adjusted with NaOH from pH 6.0 to pH 10.0. The pH-
adjusted enzyme solution was then solidified by lyophilization. The lyophilized 
enzyme preparation was employed for the synthesis of sucrose laurate by 
performing the synthetic reaction in different hydrophilic solvents and the results 
showed that lyophilized enzyme at pH 6.0 could not catalyze the ester synthesis 
reaction while a high concentration of 2-O-lauroyl sucrose was obtained with the 
lyophilized-enzyme at pH 10.0 in the reaction system of DMF: DMSO (1:1 v/v) 
(Pedersen et al., 2003). This supported the findings of Schulze and Klibanov 
(1991) that the enzymes working in organic solvents were profoundly affected by 
pH of the aqueous solution from which they were solidified. This phenomenon has 
been referred as pH memory , indicating that enzymes maintain the conformation 
induced by the pH at which they were lyophilized.  
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In this work, the alkaline protease AL 89 was prepared by dialyzing the 
concentrated enzyme solution against 10 mM sodium carbonate buffer pH 10.0 
and subsequently lyophilized for 3 days. The residual proteolytic activity assayed 
in aqueous conditions after dissolving the enzyme in hydrophilic organic solvents 
was investigated for the estimation of inactivating rate and the half-life (td½).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6   Proteolytic activity assayed in 10 mM Tris-HCl buffer pH 10.0 with azocasein as a 
substrate at 60 
°
C. Protease AL 89 (10 g/l) was dissolved in different organic solvents 
and subsequently transferred to aqueous buffer solution at time interval for the 
activity assay.  
Symbols: DMF-DMSO (1:1 v/v) solvent mixture (-▲-), DMF (-■-), 
     MilliQ water (-●-), DMSO (-♦-) 
 
The operational stability of enzymes in organic media is an important factor. With 
regard to the use of biocatalysts in organic synthesis; therefore, the enzymes 
should be sufficiently stable during the reaction process. The results presented in 
Fig 6 demonstrated that the enzyme stability in DMF was higher than in water with 
the half life of (td½) DMF: 10 min and (td½) water : 4 min, while the highest inactivating 
rate was observed in DMSO with the half life of (td½)DMSO : 1 min.   
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Enzyme-water interactions contribute to the efficiency of catalysis in organic 
solvents and there are two distinct forms of water in a lyophilized enzyme 
preparation: tightly and loosely bound. Tightly bound water does not exchange 
with other water molecules in the enzyme or in the bulk organic solvent and is 
necessary to maintain the enzyme conformation and catalytic activity. The 
displacement of tightly bound water by organic solvent results in a dramatic 
change of protein structure resulting in denaturation. Loosely bound water is 
necessary for enhancing the enzyme activity by increasing enzyme flexibility and 
active site polarity (Clark, 2004). Thus, adding the water into the reaction could 
improve the enzyme activity. The activity and stability of lyophilized subtilisin BPN’ 
dissolved in the polar solvent THF was improved 4 times when addition of 0.2% 
water (Wangikar et al., 1997), while the stability of subtilisin Carlsberg was 
improved in tert-amyl alcohol containing 2% of water (Schulze and Klibanov, 1991).  
 
3.3 
Candida antarctica Lipase B (EC. 3.1.1.3) 
 
Lipases (triacylglycerol acylhydrolases) are part of the hydrolase family that act on 
fatty acid carboxylic ester bonds hydrolyzing long-chain triglycerides into 
diglycerides, monoglycerides, fatty acids, and glycerol (see Fig 7). The 
characteristic folding pattern of lipases is known as the α/β hydrolase fold (Ollis et 
al., 1992) and composed of a central β-sheet up to eight different strands (β1-β8) 
connected by up to six α-helices (Jaeger and Reetz, 1998).  
 
 
 
 
 
 
 
 
Fig 7  Catalytic action of lipases hydrolyzing a triglyceride to glycerol and free fatty acids 
and the reverse reaction (condensation) to form the triglyceride (Jaeger and Reetz, 
1998) 
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By controlling the activity of water and reactants in the process, esterification, 
interesterification, acidolysis, alcoholysis and aminolysis can be the dominating 
reaction (see Fig 8). Thus, lipases are versatile biocatalysts and industrially 
important in the synthesis of value-added products as they usually proceed the 
reaction with high regio-and/or enatioselectivity which can not be obtained by 
chemical methods (Houde et al., 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.  
 
 
 
 
 
 
 
 
Fig 8  Synthetic reactions catalyzed by lipase in low water condition (Koskinen and 
Klibanov, 1996) 
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Lipases act at the interface between an insoluble substrate phase and an 
aqueous phase in which the enzyme is dissolved (oil-water interface). According 
to their conformations, the lipases are classified into two different forms, namely 
open (active) and closed (inactive) (see Fig 9). The active site of lipases is 
covered by a lid-like structure resulting in inaccessibility of the substrate to the 
active site (closed form). The active site becomes fully accessible above the 
critical micellar concentration (CMC) of the substrate (Reis et al., 2009; Geraldine 
et al., 2008). In the presence of substrate (opened form), the lipase is bound to an 
interface and the interfacial activation takes place by the movement of a lid. The 
hydrophobic pocket of the lid thus expose to the hydrophobic phase (lipid phase), 
which enhances hydrophobic interactions between the enzyme and the lipid 
surface. The interfacial activation is unique to the class of lipases and responsible 
for the synthetic reactions they catalyze. Moreover, the amino acid sequences of 
the lid also affect the lipase activity and enantioselectivity in organic solvents 
(Secundo et al., 2006).  
 
The yeast Candida antarctica isolated from a sample from Antarctica produced two 
lipases designated A and B, which exhibit different characteristics as presented in 
Table 4 (Kirk and Christensen, 2002). The primary structure of Candida antarctica 
lipase B (CALB) consists of a single polypeptide chain of 317 amino acid residues 
with a molecular weight of 33 kDa, which is a fairly small protein compared to other 
lipase (Uppenberg et al., 1994). The catalytic triad results from Ser105, His224, 
Asp187 with the mechanism of serine hydrolases; however, the sequence of the 
catalytic triad residues is arranged as the mirror image of the catalytic triad of the 
serine protease (see Fig 10). 
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Table 4 Characteristics of Candida antarctica lipase A (CALA) and Candida 
antarctica lipase B (CALB) (Kirk and Christensen, 2002) 
 
 Candida antarctica lipase A Candida antarctica lipase B 
Molecular weight (kD) 45 33 
Isoelectric point (pI) 7.5 6.0 
pH optimum 7.0 7.0 
pH stability 6-9 7-10 
Interfacial activation yes (but low) No 
Positional specificity toward triglycerides Sn-2 Sn-3 
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Fig 9  Three-demensional (3D) structures of lipase in the transesterification reaction of 
sucrose with vinyl laurate (Fuentes et al., 2004) 
A) Candida antarctica lipase B (CALB), showing the opened form  
B) Thermomyces (Humicola) lanuginosus lipase (TIL), showing the closed form 
with lid 
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 Fig 10  Mirror image of the catalytic triad of serine protease (Rantwijk, 2005) 
 
 
Contrary to most other lipases, CALB lacks the lid that regulates the access to 
the active site, thus it does not display the interfacial activation, or the increasing 
of the activity caused by exposure to a water-lipid interphase (Martinelle et al., 
1995). Moreover, CALB does not contain the consensus amino sequence 
(GXSXG) around the nucleophilic active site serine located at the C-terminal end 
of β5strand. It has a threonine at the first conserved glycine and the substitution 
of threonine with valine by site-directed mutagenesis resulted in the loss of 
activity (Bornscheuer et al., 2002).  
 
CALB has proven to be a particularly useful biocatalyst in organic chemistry in the 
preparation of regio-isomeric and enantio-isomeric products as it provides a good 
stability and activity catalyzing a diverse range of reactions (Anderson et al., 1998; 
Berglund, 2001). The regioselective synthesis of O-acyl sucrose by a CALB-
catalyzed process in organic media leads to a mixture of 6-O-acyl sucrose and   
6’-O-acyl sucrose (Wongdenberg et al., 1996; Paper IV Ritththam et al., 2009). 
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4. 
Detection and characterization of O-acyl sucrose 
 
The methods used for qualitative and quantitative determination, and preparation 
of O-acyl sucrose for structural characterization are presented in this chapter.  
 
4.1  
Thin layer chromatography (TLC) 
 
Thin layer chromatography (TLC) has been widely used as a preliminary 
qualitative technique for the analysis of carbohydrates and their derivatives to give 
an impression of the reaction. This technique is considered as a rapid, 
advantageous and simple method for the preliminary investigation of sucrose fatty 
acid ester synthesis. The samples are directly applied to the chromatographic 
plate without any pretreatments and run in a closed chamber often for a short 
period of time. The resolution depends on solvent systems adaptable to the 
sorbents used (Ghebregzabher et al., 1976).  
 
The separation of acetyl and benzoyl derivatives of sugars on TLC glass plate 
has been described by Deferrari et al., (1962). The TLC plates coated with a 
mixture of silicic acid with 10% starch as binder were developed by the ascending 
method using a methanol-benzene solvent system as a mobile phase. After the 
evaporation of mobile phase, the dried plate was sprayed with silver nitrate- 
ammonia sodium-methylate reagent and heated at 110 °C for 10 min to develop 
the brown spots which were detectable by UV absorption.  
 
In the reactions of O-stearoyl sucrose synthesis as catalyzed by alkaline 
protease    AL 89 and Candida antarctica lipase B, TLC was used for monitoring 
the synthesis and purification process. Samples of reaction mixture (5 µl) 
containing sucrose, sucrose fatty acid esters and biocatalyst were applied 
directly to a commercial aluminum TLC plate coated with silica gel (Merck, 
Germany) and separated according to the mobility in the mobile phases         
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consisting of chloroform and methanol (5:1, v/v).  To localize the sucrose fatty 
acid ester and calculate the Rf values, the TLC plate was sprayed with sulphuric 
acid (conc) and methanol (1:1, v/v) and subsequently heated for 5 min at 150 °C. 
Sucrose and sucrose fatty acid esters obtained from enzymatic synthesis 
showed up as carbon black spots (see Fig 11 and Fig 12).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 11  Analytical TLC plate of the reaction mixture for sucrose fatty acid ester synthesis 
as catalyzed by alkaline protease AL-89 in DMF-DMSO (1:1 v/v).     The reaction 
mixture (0.2 M sucrose, 0.2 M vinyl sterate, 10 g/l lyophilized enzyme) was 
incubated at 45 °C, 250 rpm for 24 hr. Mobile phase was chloroform : methanol   
(5:1 v/v) 
 
Lane 1 Control (only substrate) 
Lane 2 Control with 10 g/L Casein (instead of enzyme) treated with 10 mM Sodium  
carbonate buffer pH 10.0   
Lane 3 Reaction with 10 g/L alkaline protease AL89 dialyzed against 10 mM Sodium    
carbonate buffer pH 10.0   
Lane 4 Control with 10 g/L Celite (instead of enzyme) treated with 10 mM Sodium     
carbonate buffer pH 10.0   
 
   1        2      3     4  
  3’-O-stearoyl sucrose Rf= 0.154 
  2-O-stearoyl sucrose Rf= 0.246 
  3-O-stearoyl sucrose Rf= 0.338 
  oligo-O-stearoyl sucrose  
 
 
  sucrose 
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Fig 12  Analytical TLC plate of the reaction mixture for sucrose fatty acid ester synthesis as  
catalyzed by Candida antarctica lipase B in 45%Pyridine in 2-methyl-2-propanol 
(v/v). The reaction mixture consisting of 0.03 M sucrose 0.1M vinyl state, 20 g/L 
CALB, 20 g/L molecular sieve was incubated at 50 °C, 250 rpm for 48 hr. Mobile 
phase was chloroform : methanol (5:1 v/v) 
 
Lane 1  Control (substrate incubated at the same condition)  
Lane 2  Reaction with celite (instead of enzyme) treated with 10 mM Sodium      
             carbonate buffer pH 10.0 (100 g/l)   
Lane 3 Reaction with Candida antarcitca lipase B 
 
4.2  
Preparative thin layer chromatography 
 
For milligram scale preparation of O-stearoyl sucrose for further structural 
analysis,  preparative TLC was performed by applying the reaction mixture directly 
to the TLC glass plate (20 x 20 cm, 1500 microns thickness) with a loading 
volume of 500 µl and the mobile phase consisting of chloroform : methanol (5:1 
v/v). To visualize the location of O-stearoyl sucrose on the TLC plate, a small strip 
of the TLC plate was developed.  
  6-O- and 6’-O-stearoyl sucrose Rf= 0.082 
  sucrose  
     1      2       3     
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The part of the stationary phase containing the purified esters was scrapped off 
and ground into fine powder. The esters were then extracted by chloroform - 
methanol (1:1 v/v). The purity of the extracted esters was qualitatively determined 
by analytical TLC (see Fig 13). The crude reaction mixture was separated by 
preparative TLC into seven fractions. Mono-O-stearoyl sucrose was distributed 
into 4 fractions (F1 to F4) while the oligo-O-stearoyl sucrose fraction were detected 
from F 5 to F 7. 
 
The disadvantage to purify sucrose fatty acid esters by this technique is that it is 
tedious and time consuming.  Furthermore, it is difficult to obtain a high purity if 
the bands are very close in relative mobility (Rf value). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 13 Separation of O-stearoyl sucrose on Preparative TLC (A) and the purity of purified 
fractions as determined by analytical TLC (B). Mobile phase was chloroform : 
methanol (5:1 v/v). 
Lane 1      Crude reaction mixture 
Lane 2-8   Purified fraction 1 to fraction 7 
  sucrose  
  3-O-stearoyl sucrose Rf= 0.338 
  2-O-stearoyl sucrose Rf= 0.246 
  3’-O-stearoyl sucrose Rf= 0.154  
2 4 5 6 7 8 3 1 
F2 
F1 
F3 
F4 
F5 
F6 
F7 
 
  oligo-O- stearoyl sucrose  
A B 
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4.3  
High Pressure Liquid Chromatography (HPLC) 
HPLC is an efficient tool for analyzing and quantifying sucrose fatty acid esters in 
a reaction mixture. This technique is more convenient than gas chromatography 
as it does not require previous derivatization of the sample (Karrer and Herberg, 
1992). Many procedures for sucrose fatty acid ester separation with HPLC were 
reported with the different eluent systems (Cormier et al., 1978; Kaufman and 
Garti, 1981; Jasper et al., 1987). In this work, a reversed phase C-18 Chromolith 
column packed with monoliths rod particles of highly porous silica was connected 
to the Evaporative Light Scattering Detector (ELSD). The mobile phase of 
acetonitrile in water flowed at the rate of 2 ml/min with a gradient system 
developed according to the acyl fatty acid chain length (see Table 5).   
 
 
Table 5 Gradient of acetonitrile in water (%) for the analysis of O-acyl sucrose  
  with RP-HPLC 
 
 
 
 
 
 
 
 
 
 
HPLC analysis of the reaction mixture revealed mono-O-acyl sucrose product 
peaks of 3’-O-, 2-O-, and 3-O-acyl sucrose as identified by NMR (see Fig 14).  
Oligo-O-acyl sucrose was detected in the crude reaction mixture with the acyl 
chain lengths of 10 (vinyl caprate) and 12 (vinyl laurate).  
 
 
 
Time (min) Acyl fatty acid  chain length 
C10-C12 
Acyl fatty acid chain length 
C14-C18 
0 20 50 
1 20 50 
7 55 80 
8.5 100 100 
12 100 100 
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Fig 14 HPLC chromatogram of the crude reaction mixture from the synthetic reaction as 
catalyzed by alkaline protease AL-89 in DMF and DMSO (1:1 v/v) with the acyl 
donor of  vinyl caprate (A), vinyl laurate (B), vinyl myristate (C), vinyl palmitate (D) 
and vinyl stearate (E). Chromatographic conditions: See text and Table 5 
 
Peak identification:   1: sucrose    
2: 3’-O-acyl sucrose 
    3: 2-O-acyl sucrose 
    4: 3-O-acyl sucrose 
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Commercial sucrose fatty acid esters from Sisterna (see Table 6) were analyzed 
and compared with the sucrose fatty acid esters synthesized in this work. The 
samples analyzed in this work were Sisterna SP 70C (sucrose stearate; 70% 
monoester), Sisterna SP 30C (sucrose distearate; 30% monoester), Sisterna L70C 
(sucrose laurate; 70% monoester). The samples, without any further purification, 
were dissolved and appropriately diluted with methanol prior to injection for HPLC 
analysis.  The HPLC chromatogram of Sisterna L70 C (see Fig 15, black line) 
compared with the sucrose laurate synthesized by protease AL 89 (Fig15, red line) 
showed the differences in the regio-isomeric distribution of O-lauroyl sucrose. In 
the sample of Sisterna L70 C, the 3-O-lauroyl sucrose was detected in a high 
content while the 2-O-lauroyl sucrose was the main ester product obtained from 
the enzyme catalyzed reaction. The HPLC chromatogram of Sisterna SP 70C 
(sucrose stearate; 70% monoester) and Sisterna SP 30C (sucrose distearate: 30% 
monoester), showed the mixture of O-palmitoyl sucrose and O-stearoyl sucrose 
(see Fig 16).  
 
 
Table 6 Commercial sucrose fatty acid esters produced from Sisterna  
             (Sisterna, 2009) 
   *International nomenclature cosmetic ingredient name 
 
 
Product name Fatty acids  INCI-name* HLB Physical 
Form 
% Mono 
Ester 
Sisterna PS750-C Palmitate/Stearate Sucrose Palmitate 16 Powder  75 
Sisterna L70-C Laurate Aqua (and)  
Sucrose Laurate  
(and) Alcohol 
15 Liquid  
(40% Sol.) 
70 
Sisterna SP70-C     Stearate/Palmitate Sucrose Stearate 15 Powder  70 
Sisterna SP50-C Stearate/Palmitate Sucrose Stearate 11 Powder  50 
Sisterna SP30-C Stearate/Palmitate Sucrose Distearate 6 Powder  30 
Sisterna SP10-C Stearate/Palmitate Sucrose Polystearate 2 Powder  10 
Sisterna SP01-C Stearate/Palmitate Sucrose Polystearate 1 Powder  0 
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Fig 15  HPLC chromatogram of Sisterna L70C (sucrose laurate solution, black line) 
compared with O-lauroyl sucrose synthesis as catalyzed by protease AL 89 in a 
solvent mixture of DMF-DMSO (1:1 v/v) (red line). Chromatographic conditions: See 
text and Table 5. 
 
Peak identification:   1: sucrose  
    2: 3’-O-lauroyl sucrose (Rt= 6.27 min) 
    3: 2-O- lauroyl sucrose (Rt= 6.47 min) 
    4: 3-O- lauroyl sucrose (Rt= 6.91 min 
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Fig 16  HPLC chromatogram of a) Sisterna SP70C (sucrose stearate); b) Sisterna SP30C 
(sucrose distearate) compared with O-stearoyl sucrose synthesized by protease AL 
89  (red line) in DMF-DMSO solvent mixture (1:1 v/v). Chromatographic conditions: 
See text and Table 5 
 
Peak identification:   1: sucrose  
    2: 3’-O-stearoyl sucrose (Rt= 5.67 min) 
    3: 2-O-stearoyl sucrose (Rt= 6.02 min) 
    4: 3-O-stearoyl sucrose (Rt= 6.63 min) 
       5, 6, 7: O-palmitoyl sucrose  (Rt= 3.75 min, 4.44 min, 4.76 min) 
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4.4 
Mass Spectroscopy 
 
Mass spectrometry is a technique used for analyzing the mass of atoms, 
molecules or fragments of molecules.  The gaseous molecules are ionized and the 
ions are accelerated in an electric field. The mass spectrum represents the 
separation of ions according to their mass to charge ratio (m/z). In this work, the 
mass spectrometer with the electron spray ionization probe operating in the 
positive ionization mode (ESI MS) was used for determining the molecular mass of 
mono-O-acyl sucrose as sodium adducts (see Table 7). In principle, the sodium 
salts, even though having not been added to the sample, are usually detected at 
low concentrations originating from glassware and storage bottles or present as 
impurities even in analytical grade solvents (Cech and Enke, 2001). 
 
Table 7 Molecular mass of O-acyl sucrose synthesized by protease AL 89 as  
  analyzed by ESI MS 
 
Acy donor Molecular formula Molecular mass Sodium Adduct 
Vinyl caprate (C10) C22H39O12 514.2785 
Vinyl laurate (C12) C24H43O12 547.2661  
Vinyl myristate (C14) C26H47O12 575.2946  
Vinyl palmitate (C16) C28H51O12 603.3303  
Vinyl stearate (C18) C30H55O12 631.3794  
 
 
The mass spectrum of the purified 2-O-stearoyl sucrose is depicted in Fig 17 with 
the intensity peak representing the molecular mass of 631.379 [M+Na] in the 
positive ionization mode. Pseudomolecular ions and very few fragments were also 
produced under the ESI analysis conditions since the ESI MS is a very soft 
ionization method   (Pierez-Victoria et al., 2007). The ion at m/z 365.1 was from 
the molecular ion [M+Na] of a sucrose moiety released from a fragmented 
molecule due to ester bond cleavage, which was also observed by Moh et al., 
(2000). The sucrose spectrum and other ions involving the cleavage of the 
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glycosidic bond between the fructose and glucose moiety were not found in this 
work.  Fast Atom Bombardment mass spectroscopy (FAB-MS) analysis of 
commercial mono-O-caproyl sucrose and mono-O-lauroyl sucrose showed the 
spectrum of these fragments due to glycosidic bond cleavage (de Koster et al., 
1993)  The mass spectrum of purified 3-O-caproyl sucrose with the formation of a 
dimer [2M+Na] with m/z 1015.5 was shown in Fig 18.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 17  Mass spectrum of purified 2-O-stearoyl sucrose analyzed by ESI MS. The samples 
was dissolved in methanol and diluted in 50% methanol in acetonitrile containing 1% 
formic acid 
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Fig 18  Mass spectrum of purified 3-O-caproyl sucrose analyzed by ESI MS. The sample 
was dissolved in acetonitrile and diluted with 50% methanol in acetonitrile 
containing 2.5% formic acid  
 
 
4.5  
NMR Spectroscopy 
 
The 1H and 13C-NMR spectroscopy has been routinely applied to elucidate the 
structure of the synthesized sucrose fatty acid esters. The NMR spectrum of 
sucrose and mono-O-acyl sucrose was assigned by two dimensional COSY 
(Correlation Spectroscopy) and TOCSY (Total Correlation Spectroscopy) 
analysis. The chemical shifts of each hydrogen and carbon atom of sucrose 
compared to the corresponding sucrose fatty acid esters could identify the 
acylation position (see Fig 19). The chemical shifts of O-acyl sucrose synthesized 
in this work are summarized in Table 8.  
 
 
 
 
[2M+Na]
+
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Fig 19 Chemical shift of 3-O-acyl sucrose as recorded by 
1
H 
13
C HSQC at 298 °K on a  
600 MHz spectrometer equipped with a triple-gradient TXI (H/C/N) probe 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
33 
 
 
Table 8 Chemical shifts (, ppm) of sucrose and its esters in chloroform-methanol  
   1:1 (v/v) 
 
atom sucrose 
2-O-acyl 
sucrose 
3-O-acyl 
sucrose  
4-O-acyl 
sucrose 
6-O-acyl 
sucrose 
3’-O-acyl 
sucrose 
4’-O-acyl 
sucrose 
6’-O-acyl 
sucrose 
C1 92.77 90.12 92.91 92.50 93.54 92.79 93.00 92.4 
C2 72.33 73.50 70.72 72.50 73.07 72.33 72.27 72.4 
C3 73.94 71.24 75.94 71.70 74.54 74.03 73.86 74.1 
C4 70.67 70.95 68.93 71.50 71.34 70.43 70.62 70.9 
C5 73.87 73.67 73.82 71.90 72.20 73.87 73.77 73.5 
C6 61.84 61.85 61.61 61.70 64.49 61.84 61.78 62.3 
H1 5.41 5.55 5.45 5.46 5.27 5.41 5.46 5.37 
H2 3.48 4.65 3.62 3.57 3.35 3.48 3.53 3.48 
H3 3.72 3.89 5.20 3.89 3.60 3.65 3.76 3.73 
H4 3.36 3.43 3.51 4.78 3.21 3.40 3.40 3.34 
H5 3.84 3.89 3.92 4.03 3.87 3.84 3.92 3.82 
H6a 3.73 3.73 3.74 3.52 4.13 3.73 3.77 3.86 
H6b 3.83 3.86 3.84 3.61 4.24 3.83 3.90 3.74 
C1' 64.14 63.05 64.04 64.30 64.89 64.97 63.56 64.00 
C2'
a
 - - - - - - - - 
C3' 79.64 77.29 79.43 79.50 80.31 79.54 77.58 79.4 
C4' 74.69 74.22 74.80 74.80 75.75 72.70 77.94 76.3 
C5' 82.97 82.64 83.04 83.00 83.65 83.31 82.22 80.00 
C6' 61.99 62.13 62.30 62.20 63.26 62.00 62.69 66.5 
H1'a 3.68 3.54 3.69 3.62 3.48 3.66 3.75 3.67 
H1'b 3.61 3.41 3.63 3.69 3.52 3.59 3.63 3.63 
H3' 4.07 4.18 4.10 4.08 3.94 5.29 4.36 4.04 
H4' 4.08 4.05 4.08 4.08 3.92 4.30 5.22 3.99 
H5' 3.80 3.76 3.81 3.80 3.69 3.92 4.00 3.98 
H6'a 3.79 3.80 3.79 3.74 3.58 3.79 3.79 4.44 
H6'b 3.73 3.73 3.75 3.79 3.63 3.73 3.79 4.25 
     a On the inverse-detected carbon spectra measured, the C2’ carbon atom was not  showing   
        up because it is not bearing a hydrogen substituent. 
 
 
 
   
34 
 
5. 
Regio-selective synthesis of O-acyl sucrose as catalyzed 
by alkaline protease AL 89 in hydrophilic solvents 
 
This chapter focuses on the synthesis of O-acyl sucrose catalyzed by alkaline 
protease AL 89 in hydrophilic aprotic solvents in terms of regio-selectivity, 
formation rate and production yield. The protease catalyzed acylation of sucrose 
was studied using vinyl fatty acid esters as acyl donors. The process conditions 
were optimized with respect to substrate molar ratio, temperature and the water 
content. During the synthesis and the purification the regio-isomeric distribution 
and acyl migration were studied. 
  
5.1  
Conformation of sucrose in hydrophilic solvents 
 
Sucrose (C12H22O11), with the IUPAC systematic name α-D-glucopyraonosyl β-D-
fructofuranoside, is a naturally occurring carbohydrate found in sugar cane, sugar 
beet and many other plants including maple trees. Sucrose is a non reducing 
sugar as the α-glucose and fructose molecules are connected at their anomeric 
carbon atoms and; therefore, does not contain a free hemi-acetal linkage. The 
total eight hydroxyl groups on the sucrose molecule are classified into primary 
hydroxyl (at carbon atom 6, 1’ and 6’) and the secondary hydroxyl groups (2, 3, 4, 
3’, and 4’). 
 
The conformation of sucrose dissolved in aprotic solvents investigated by NMR 
(Lichententhaler and Immel, 1995; Bernet and Vasella, 2000) showed the two 
inter residue H-bonds between fructose and glucose molecule of C(1F)OH…..O 
(2G) and C(6F)OH…..O (5G) with the distances of 1.85 and 1.89 Å, respectively 
(see Fig 20).  
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Fig 20 Distances of  two inter residue H-bonds between the fructose and glucose moieties 
of sucrose dissolved in hydrophilic aprotic solvents (Lichtenthaler et al., 1995)  
 
 
The two sucrose conformers named S1 and S2 in hydrophilic aprotic solvents 
investigated by Lichtenthaler et al., (1995) are presented in Fig 21. As determined 
by 1H NMR, the S1 and S2 conformers in equilibrium are distributed with the ratio 
of 2:1 and it is clearly evident that the highest positive electrostatic potential is 
found in the area of the 2-OH group on the glucose moiety, leading to enhanced 
acidity of this hydroxyl group over the others, and as such it de-protonates first at 
alkaline conditions. 
 
With the sucrose conformer ratio of  S1 to S2 at 2:1, the benzylation of sucrose 
with benzyl bromide catalyzed by sodium hydride (NaH) in DMF resulted in the 
formation of  2-O-,1’-O- and 3’-O- benzyl sucrose in the ratio of 11:2:1 
(Lichtenthaer et al., 1995).  The three primary hydroxyl groups are preferentially 
alkylated, acylated, oxidized and displaced by halogen in the order 6-O ≈ 6’-O >> 
1’-O (James et al., 1989)  
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Fig 21  Conformation of sucrose in an aprotic hydrophilic solvent, showing a 2:1 
equilibrium distribution of S1 and S2 conformer (Lichtenthaler et al., 1995) 
 
5.2  
Synthesis of O-acyl sucrose  
 
By a non enzymatic approach, Chauvin et al (1993) reported the synthesis of 2-O- 
and 3-O-lauroyl sucrose catalyzed by sodium hydride in anhydrous pyridine using 
3-lauroylthiazolidine-2-thiones as acyl donor with the yield of 70% and 2%, 
respectively. The ester products were not observed in the reaction without sodium 
hydride indicating that the catalyst activated the 2-OH, leading to the formation of 
the stabilized nucleophilic 2-oxyanion which then reacts with the esterifying agent 
to form 2-O-acyl sucrose. The disodium hydrogen phosphate (Na2HPO4) was also 
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reported as an effective catalyst for the synthesis of 2-O-acyl sucrose in DMSO 
with vinyl fatty acid esters as acyl donors at 40 °C with production yields of 2-O-
acyl sucrose higher than 50 % (Cruces et al., 2001). Vinyl fatty acid esters are 
commonly used as acylating agents for the synthesis of sugar fatty acid esters 
because the vinyl group is a good leaving group. During transesterification, vinyl 
alcohol is released and immediately tautomerized to volatile acetaldehyde. The 
conversion of vinyl alcohol to acetaldehyde is practically complete, making the 
process irreversible and simple for product isolation (Degueil-Castaing et al., 
1987; Yang et al., 1999).   
 
Celite, a diatomaceous earth which is used as a filtering agent or a carrier for 
enzyme immobilization, treated with 10 mM phosphate buffer (pH 8.0) was 
previously reported by Plou et al., (1999) as a potential catalyst for the synthesis 
of 2-O-lauroyl sucrose in DMSO. However,  the initial formation rate of 2-O-
stearoyl sucrose catalyzed by alkaline protease AL 89 in a DMF - DMSO solvent 
mixture (1:1 v/v) was 16.2 mM/hr or 23 fold higher than the Celite catalyzed 
process (100 g/L) under the same conditions (paper II: Ritthitham et al., 2009). 
 
The regioselectivity, is extremely important in the synthesis of carbohydrate esters 
and was shown to be strongly dependent on the type and source of the 
biocatalyst, the solvent medium, and the type of the acylating agents used 
(Gandhi et al., 2000). With a subtilisin as biocatalysts, sucrose was shown to be 
regioselectively acylated at the position C-1’ (Soedjak and Spardlin, 1994; Polat et 
al., 1997) and with the metalloprotease thermolysin and the alkaline protease AL 
89, substitution at position C-2 was obtained (Pedersen et al., 2002; Pedersen et 
al., 2003).  
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5.3  
The effect of substrate molar ratio, water content, and 
temperature on the synthesis of O-stearoyl sucrose  
 
The substrate molar ratio, water content and temperature affected the initial rate 
of 2-O-, 3-O-, and 3’-O-stearoyl sucrose synthesis as catalyzed by alkaline 
protease AL 89 in a DMF-DMSO solvent mixture (1:1 v/v). The highest initial 
synthetic rate was obtained with the molar ratio of sucrose to vinyl stearate 1: 1.5 
at 70 °C and a water content ranging from 0 to 2.5% (v/v). As discussed in 
Chapter 2, a small amount of water plays an essential role in maintaining the 
enzyme flexibility necessary for the catalytic activity in organic solvents (Halling, 
1990; Goldberg et al., 1990; Gubicza and Szakacs-Schmidt, 1994; Klibanov, 1997). 
In reactions at high water contents; however, water causes the hydrolysis of the 
acyl-enzyme intermediate, leading to a decrease in the synthetic activity (Valivety 
et al., 1992(a); Valivety et al., 1993). Control of the water content,  and 
consequently of the water activity (aw),  in a reaction could be performed by 
different ways such as pervaporation (Keurentjes et al., 1994; Kwon et al., 1995), 
the use of saturated salts solutions (Valivety et al., 1993; Wehtje et al., 1993; Rosell et 
al., 1996), salt pairs (Halling, 1992; Kvittingen et al., 1992; Robb et al., 1994; Kim et 
al., 1998) or vacuum (Napier et al., 1996). The initial water content influenced both 
the production yield and the enatioselectivity of the lipase catalyzed 2-methyl-1-
pentanoic synthesis in hexane as reported by Zarevucka et al., (1997).  
 
Proteases from different microbial sources showed widely varying needs of water 
to maintain the enzyme activity in anhydrous organic solvents. Kitagawa et al., 
(2002) investigated two different proteases from Streptomyces sp. and Bacillus 
sp. for their requirements of water necessary for the synthesis of glucose fatty 
acid ester in DMF. The transesterification activity of the Streptomyces protease 
decreased with addition of water while that of Bacillus protease increased at high 
water content (20% v/v). The variation in optimal water activity depends on the 
amount of water tightly bound to the enzyme and the solvent used. For example, 
an enzyme working in hydrophilic organic solvents need more water than that in 
hydrophobic organic solvents (Gandhi et al., 2000)  
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5.4  
Synthesis of O-acyl sucrose with different acyl chain lengths  
 
A number of investigations on protease-catalyzed transesterification showed a 
decreasing initial reaction rate with the increasing acyl donor fatty acid chain 
length as well as the size of the acyl acceptor (Therisod and Klibonov, 1986; 
Carrea et al, 1989; Riva et al, 1988; Kitagawa et al, 1998; Tai, et al, 2001). The 
same tendency was shown in a lipase-catalyzed esterification of maltose and 
sucrose, respectively (Pedersen et al, 2002). However, the synthesis of 2-O-acyl-
sucrose catalyzed by alkaline protease AL-89 in DMF-DMSO solvent mixture was 
not affected by the fatty acid acyl chain length (from C8- C18) as demonstrated in 
Table 9. From the results, the highest total production yield (0.85 mol product/mol 
sucrose) was obtained with vinyl laurate. The reaction with vinyl caprate showed 
the lowest monoester production yield of 0.31 mole product/ mole sucrose. The 
explanation could be that sucrose oligoesters were formed in the latter process as 
detected by HPLC (see Fig 14 (A), chapter 4 page 24).  
 
Table 9  Initial formation rate and production yield of O-acyl-sucrose synthesis as  
catalyzed by alkaline protease AL 89 in DMF-DMSO (1:1 v/v) solvent 
mixture. Reaction conditions: 0.2 M sucrose, 0.15 M vinyl fatty acid ester,    
10 g/L lyophilized alkaline protease AL 89, 60 °C, 250 rpm.  
  
2-O-acyl-sucrose 
 
3-O-acyl-sucrose 
 
3’-O-acyl sucrose 
 
Acy donor  
(fatty acid  
chain length) 
Initial rate 
(mM min
-1
) 
Yield  
(mol mol
-1
) 
Initial rate 
(mM min
-1
) 
Yield  
(mol mol
-1
) 
Initial rate 
(mM min
-1
) 
Yield  
(mol mol
-1
) 
Total Yield  
(mol mol
-1
) 
Vinyl caprate 
(C10) 
5.18±0.54 0.18 1.80±0.40 0.12 0.40±0.11 0.01 0.31 
Vinyl laurate 
(C12) 
7.02±1.21 0.60 1.70±0.37 0.21 0.93±0.20 0.04 0.85 
Vinyl myristate 
(C14) 
5.43±1.33 0.40 1.71±0.62 0.29 0.50±0.18 0.01 0.70 
Vinyl palmitate 
(C16) 
5.93±0.18 0.39 1.42±0.01 0.22 0.45±0.01 0.02 0.63 
Vinyl stearate 
(C18) 
5.30±0.20 0.45 1.80±0.13 0.25 0.31±0.01 0.02 0.72 
   
40 
 
5.5  
Acyl migration  
 
During the synthesis of O-caproyl sucrose as catalyzed by alkaline protease AL 89 
in DMF-DMSO solvent mixture (1:1 v/v), it was observed that the concentration of 
2-O-caproyl-sucrose decreased corresponding to an increasing 3-O-caproyl-
sucrose concentration (see Fig 22). The interchange between two neighboring 
regio-isomers is often a result of acyl migration which occurs spontaneously or 
could be activated by acid or alkaline (Bornemann et al., 1992), small amounts of 
water (Thevenet et al., 1999), temperature (Paper III, Ritththam et al., 2009) or 
even taking place on an HPLC column during the analysis as observed with a NH2 
spherisorb column (Molinier et al., 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 22 Progression profile of O-caproyl sucrose synthesis as catalyzed by alkaline 
protease AL-89 in DMF-DMSO solvent mixture (1:1 v/v) showing the inter 
conversion between two regio-isomeres 
Symbols: 2-O-caproyl sucrose (-▲-), 3-O-caproyl sucrose (-♦-),  
       3’-O-caproyl sucrose (-■-), sucrose (-●-) 
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The acyl migration taking place on the glucose moiety from the C-2 to the C-3 
position was confirmed by many investigations including Tsuda and Yoshimoto 
(1981) and Yoshimoto and Tsuda (1983). From the report of Molinier et al., (2003) 
using N-acylthiozolidinethion as an acyl donor in the DMF with butyl lithium as a 
catalyst, the acyl group easily migrated from 2-O-acyl sucrose to form 3-O-acyl 
sucrose both in aqueous and organic medium. From 3-O-acyl sucrose the acyl 
group could migrate to form 6-O-acyl sucrose in the presence of water on 
analytical NH2 spherisorb HPLC column. 
 
The acyl migration from 2-O- to 3-O-acyl-sucrose was also observed in the reaction 
catalyzed by 100 g/L Na2HPO4 in DMSO at 40 °C (Cruces et al., 2001). In the 
present work, the migration of 2-O- to 3-O-caproyl sucrose in DMF-DMSO solvent 
mixture (1:1 v/v) was confirmed to be catalyzed by alkaline protease AL 89 (Paper 
II: Ritthitham et al., 2009). 
 
During the purification of mono-O-caproyl sucrose regio-isomers by low pressure 
liquid chromatography using an Accubond SPE ODS (C18) pre-packed column 
followed by high pressure liquid chromatography with reversed-phase C-18 
preparative column, the dried fractions of purified 2-O-caproyl sucrose and 3’-O-
caproyl sucrose showed impurities when analyzed by HPLC. The distribution of 2-
O-caproyl sucrose to 3-O-, 6-O-caproyl sucrose resulting from intramolecular acyl 
migration was observed during the drying process at 60 °C, atmospheric pressure. 
The intermolecular acyl migration from 3’-O-caproyl sucrose to 3-O-caproyl sucrose 
was also activated during these drying conditions. However, performing the drying 
process by lyophilization improved the stability of 2-O-caproyl sucrose and 3’-O-
caproyl sucrose, respectively. As a result, 8.5% of 3-O-caproyl sucrose was 
detected as an impurity in the purified 2-O-caproyl sucrose fraction while no 
migration products were observed in the purified 3’-O-caproyl sucrose fraction 
(Paper III: Ritthitham et al., 2009).   
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6. 
Separation and purification of O-acyl sucrose  
regio-isomers  
 
The synthesis of sucrose fatty acid esters can be catalyzed by biocatalysts or 
non-enzymatically by chemical catalysts. In all cases, complex mixtures of regio-
isomeric esters can be obtained ranging from mono- to octa-esters with a 
maximum of 255 possible isomers.  However, the narrow product profiles can be 
obtained due to the regio-selectivity of enzymes. In this chapter, the separation of 
seven mono-O-caproyl sucrose regio-isomers using low pressure column 
chromatography followed by high pressure column chromatography is presented.  
 
6.1  
Separation of O-stearoyl sucrose by solvent extraction 
 
Flow chart of the protocol developed for the separation of mono-O-stearoyl 
sucrose is shown in Fig 23. From the initial reaction mixture, the unreacted vinyl 
stearate and sucrose was extracted by hexane and 70% methanol in water, 
respectively. The extraction of the mono-O-stearoyl sucrose mixture was achieved 
by chloroform-methanol-water with the volumetric ratio of 5:1:1.  
 
 
Analytical TLC was employed to estimate the purity of the extraction process (see 
Fig 24) and the concentration of 2-O-, 3-O- and 3’-O-stearoyl sucrose was 
determined by HPLC as described in Chapter 4. 
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Fig 23  Extraction protocol for the separation of O-stearoyl sucrose  
 
 
As the polarity of the different regio-isomers in the reaction mixture are relatively 
close, the separation of 2-O-, 3-O-, and 3’-O-stearoyl sucrose in the extraction 
solvent system is difficult to obtain. Thus, the complete separation of each mono-
O-stearoyl sucrose regio-isomer could not be achieved (see Fig 24). The 
extraction yield (gextracted/gcrude reaction mixture) of 2-O-, 3-O-, and 3’-O-stearoyl sucrose 
quantified by HPLC was 12.5%, 7.7% and 5% respectively, which was not a 
satisfactory yield.  
 
4 volumes of hexane, mixing 
and centrifugation 
 
Remove upper phase (vinyl 
stearate) 
 
Repeat this step 3 times 
reaction mixture 
 
 
 
5 ml reaction mixture 
2 volumes of 70% methanol in 
water (v/v), mixing and 
incubation at 4 °C, 5 min, 
centrifugation 
 
 
Remove upper phase (sucrose)  
1 volume of chloroform: 
methanol :  water (5:1:1 v/v), 
mixing and centrifugation 
 
 
Remove upper phase (sucrose 
and O-stearoyl sucrose)  
 
 
 
 
1 volume of water, mixing and 
centrifugation 
 
 
 
Upper phase: sucrose 
 
Lower phase: O-stearoyl sucrose               
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Fig 24  Analytical TLC of the purified fractions obtained by solvent extraction.  
Mobile phase: chloroform : methanol (5:1 v/v)  
Lane 1 Fraction of hexane  
Lane 2 Fraction of 70% methanol in water            
Lane 3 Fraction of chloroform-methanol-water (lower phase) 
Lane 4 Fraction of chloroform-methanol-water (upper phase)  
 
6.2  
Separation of O-caproyl sucrose regio-isomers by low and high  
pressure liquid chromatography 
 
A chromatographic procedure was developed for the separation of mono-O-
caproyl sucrose regio-isomers. The crude reaction mixture containing unreacted 
sucrose, mono-O-caproyl sucrose, oligo-O-caproyl sucrose was absorbed on the 
Accoubond column (300 mm x 60 mm) and the mono-O-caproyl sucrose fraction 
was eluted by 80% methanol in water. The mono-O-caproyl sucrose was then 
separated into 7 different regio-isomers by preparative C-18 HPLC column 
(Lichrosorb RP 18 stainless steel: 250mm x10 mm, 7 µm particle size) by an 
acetonitrile gradient in water. The position of substitution of the regio-isomers was 
characterized by NMR. 
  3’-O-stearoyl sucrose (Rf= 0.154) 
  2-O-stearoyl sucrose (Rf= 0.246) 
  3-O-stearoyl sucrose (Rf= 0.338) 
 
  oligo-O-stearoyl sucrose  
  sucrose  
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Using the gradient of acetonitrile in water from 40 to 45% and 40 to 55% for 1 hr, 
four O-caproyl sucrose regio-isomers were separated with the retention time of 
12.78, 13.66, 16.14 and 16.65 min (see Fig 25 A and B).  However, starting the 
gradient by a step down in acetonitrile concentration from 50% to 40% followed by 
an increase to 55% acetonitrile improved the separation process obtaining the 
separation of seven regio-isomers within 25 min in a single run. In particular the 
separation of 3’-O-caproyl sucrose and 2-O-caproyl sucrose was well resolved 
(see Fig 25 C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 25  Effect of gradient condition on the separation of regio-isomers prepared by 
Lichrosorb RP18 Preparative HPLC column 
A: Acetonitrile-water gradient from 40% to 45% Acetonitrile for 60 min 
 B: Acetonitrile-water gradient from 40% to 55% Acetonitrile for 60 min 
C: Acetonitrile-water gradient under the condition as described in paper III   
     (Ritthitham et al, 2009) 
  Peak identifications:  (1) 3’-O-caproyl sucrose   (2) 2-O-caproyl sucrose   
(3) 4-O-caproyl sucrose   (4) 6-O-caproyl sucrose  
(5) 3-O-caproyl sucrose   (6) 6’-O-caproyl sucrose  
(7) 4’-O-caproyl sucrose     
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The separation of synthetic and commercial sucrose fatty acid esters was 
investigated by many research groups with different HPLC methods (see Table 
10). However, the procedures reported by those methods were in analytical scale.
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Table 10 HPLC procedures for the separation of synthetic and commercial sucrose fatty acid esters 
 
Sucrose fatty  
acid esters 
Column 
(length x diameter,  
particle size) 
Mobile phase Flow rate 
(ml/min) 
Total elution 
time (min) 
Regio-isomer 
identification 
Reference 
Commercial sucrose 
fatty acid esters 
F160, F 50 from  
Ryoto Co, Ltd, Japan 
Lichrosorb RP 18 
(250x4.6 mm, 10 µm) 
Isocratic 
methanol:water 
 (95: 5 v/v) 
1 40 Not Reported Kaufman and 
Garti., 1981 
Commercial sucrose 
fatty acid esters 
F160 from  Ryoto Co, 
Ltd, Japan 
Bondapak C18 
(150x3.9 mm, 10 µm) 
and Nova-Pak C18 
(150x3.9 mm,  
4 µm) 
Isocratic 
acetone:water 
(70:30 v/v) 
0.5 30 Not Reported Torres et al., 
1990 
Commercial sucrose 
fatty acid  esters 
F160, F 140 from  
Ryoto Co, Ltd, Japan 
RP C18- ODSA* 
(150x 4.6 mm, 5 µm) 
Isocratic 
methanol:water  
(75: 25 v/v) 
1.2 120 Not Reported Moh et al., 
2000 
Synthesized mono, 
di, tri, tetra, penta O-
octanoyl sucrose  
RP C18- ODSA* 
(150x 4.6 mm, 5 µm) 
Gradient methanol 
in water 
1 80 Not Reported Wang et al., 
2006 
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Sucrose fatty  
acid esters 
Column 
(length x diameter,  
particle size) 
Mobile phase Flow rate 
(ml/min) 
Total elution 
time(min) 
Regio-isomer 
identification 
Reference 
Commercial sucrose 
fatty acid  esters 
S1670, S 1170 from  
Ryoto Co, Ltd, Japan 
RP C18- ODSA* 
(150x 4.6 mm,  
5 µm) 
Gradient methanol 
containing 10%THF 
(v/v) in water  
1 80 6-O-acyl sucrose 
6,3’-di-O-acyl 
sucrose 
 
Wang et al., 
2007 
Commercial sucrose 
monolaurate (Fluka) 
Spherisorb ODS2 
(250 mm x 4.6 mm, 
3 µm) 
Isocratic 
acetonitrile:water 
(35:65 v/v) 
0.3 40 6-O-lauroyl 
sucrose 
2-O-lauroyl 
sucrose 
1’-O-lauroyl 
sucrose  
Perez-Victoria 
 et al., 2007 
*: Octadecyl silanized silica gel 
 
 
 
7. 
Synthesis of 6-O- and 6’-O-stearoyl sucrose as catalyzed 
by Candida antarctica lipase B: the effect of hydrophilic 
solvents on the sucrose solubility, initial reaction rate 
and the regio-selectivity 
 
 
The synthesis of 6-O- and 6’-O-acyl sucrose can be performed by enzymatic or 
non-enzymatic (chemical) methods. The following methods are normally used 
and eventually combined to obtain a high yield of the two regio-isomers.  
 
i) Esterification with free fatty acids using chemical catalysis: 
The chemical process named the Mitsunobu reaction was 
catalyzed by diisopropylazodicarboxylate (DIAD) at room 
temperature. The solution of sucrose in anhydrous DMF is added 
to triphenylphosphine the carboxylic acid and DIAD. The mixture of 
monoesters (6-O-, 6’-O-acyl sucrose) and diester (6,6’-di-O-acyl 
sucrose) was obtained in proportions depending on the 
stoichiometry of the reactants. Recently, Wang et al., (2007) 
reported the synthesis of 6-O-acyl sucrose with a high yield by the 
process called the stannylene acetal method; however, the by 
product, 6,3-di-O-acyl sucrose was obtained simultaneously via 
dibutylstannylene acetal intermediates. 
 
ii) Regioselective esterification obtaining 2-O-acyl-sucrose followed by 
controlled the migration toward 6-O-acyl sucrose: 
The selective esterification of 2-O-acyl sucrose was achieved using 
acylating agent such as N-acylthiazolidinethione in DMF and this 
product can be transformed into 6-O-acyl sucrose when 1,8-
diazabicyclo [5.4.0] undec-7-ene (DBU) is added.  
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iii) Chemoenzymatic synthesis: 
A two step procedure for the synthesis of 6’-O-acyl sucrose was 
reported by Chauvin and Plusquellec (1991). Sucrose was first 
selectively acylated by an acylating agent (3-acyl-5-methyl-1,3,4 
thiadiazole-2(3H)-thiones) and with the 1,4 diazabicyclo [2.2.2] 
octane (DABCO) as catalyst in DMF. As a result, the crude mixture 
of 6-O-acyl sucrose, 6’-O-acyl sucrose and 1’-O-acyl sucrose, was 
obtained.  The 6-O-acyl sucrose and 1’-O-acyl sucrose were then 
eliminated by hydrolysis using Candida cylindracea lipase (CCL). 
 
iv) Enzymatic synthesis: 
The synthesis of 6-O- and 6’-O-acyl sucrose has been catalyzed by 
lipases via esterification or transesterification reactions. Many 
microbial lipases proved to catalyze regioselective acylation of 
sucrose. Candida antarctica Lipase B  (Novozyme 435) showing 
selectivity toward synthesis of 6-O- and 6’-O-acyl sucrose while the 
lipase from Thermomyces lanuginosus (Ferrer et al., 2005) 
Pseudomonas sp (Rich et al., 1995) or Mucor miehei (Kim et al., 
1998) catalyzed regio-selective synthesis of 6-O-acyl sucrose. In 
paper IV (Ritthitham et al., 2009) the synthesis of 6-O- and 6’-O-
stearoyl sucrose as catalyzed by Candida antarctica Lipase B in 
different organic solvents was investigated with the results showing 
that increasing the solvent hydrophilicity decreases the overall 
enzyme selectivity.  
 
7.1  
Synthesis of 6-O- and 6’-O-stearoyl sucrose  
 
6-O-stearoyl sucrose and 6’-O-stearoyl sucrose were synthesized by Candida 
antarctica lipase B via transesterification of sucrose using vinyl stearate as an 
acyl donor at 50 °C in tertiary-alcohols with and without hydrophilic co-solvents. 
With hydrophilic co-solvent (DMF, DMSO, DMA, pyridine), the solubility of 
sucrose improved, leading to an increase of the initial synthetic rate, production 
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yield, product distribution, and degree of conversion (Reyes-Duarte et al., 2005). 
In this work, the correlation between hydrophilicity of the reaction media and the 
initial formation rate was not found. However, most lipases are inactivated by a 
hydrophilic co-solvents employed but exhibit a relatively high stability in tert-
alcohol (2-methyl-2-propanol, 2-methy-2-butanol) (Degn and Zimmermann, 2001). 
2-methyl-2-butanol was used as a reaction medium in the enzymatic acylation of 
underivatized carbohydrates because this solvent is considered as a nontoxic 
and slightly polar solvent. At the same time it does not serve as a substrate for 
lipase due to sterical hindrance in the active site (Moreau et al., 2007).  
 
In this work, the lipase-catalyzed 6-O- and 6’-O-stearoyl sucrose formation was 
performed    in tertiary alcohols 2-methyl-2-propanol (tert-butanol) and 2-methyl-2-
butanol (tert-pentanol), respectively in the presence or absence of pyridine and 
DMSO as co-solvents. The progress of the reactions was monitored by HPLC 
from which a chromatogram was presented in Fig 26. 6-O- and 6’-O-stearoyl 
sucrose were detected at retention time of 6.41 and 6.87 min, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig 26  HPLC chromatogram of transesterification reaction mixture of 6-O-and 6’-O-stearoyl 
sucrose synthesis as catalyzed by Candida antarctica lipase B  
Reaction condition: 0.03 M sucrose, 0.1 M vinyl stearate, 20 g/l Candida antarctica 
lipase B,  20 g/l  molecular sieve, 250 rpm, 50 °C 
Peak identification:  1: sucrose (Rt 0.81 min)          
    2: 6-O-steroyl sucrose (Rt 6.41 min) 
3: 6’-O-steroyl sucrose (Rt 6.87 min) 
   4: vinyl stearate (Rt 10.94 min) 
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The solubility of sucrose in the reaction system containing 2-methyl-2-propanol 
was higher than that with 2-methyl-2-butanol. In the reaction system with pyridine 
and DMSO as co-solvent, the solubility of sucrose increased in the order of no-co 
solvent < 45%Pyridine < 20%DMSO < 55%Pyridine (see Table 11). 
 
Table 11 Solubility of sucrose (mM) in different reaction system at 50 °C  
 
  
Solvent 
 
Sucrose solubility (mM) Co solvent 
None 2-methyl-2-propanol 0.98 
 2-methyl-2-butanol 0.27 
45%Pyridine 2-methyl-2-propanol 8.66 
 2-methyl-2-butanol 4.79 
55% Pyridine 2-methyl-2-propanol 18.64 
 2-methyl-2-butanol 14.47 
20%DMSO 2-methyl-2-propanol 13.14 
 2-methyl-2-butanol 6.63 
 
 
A reaction system constituted by two miscible solvents, 2-methyl-2-butanol 
containing 20% DMSO, was reported for the synthesis of mono-O-acyl sucrose 
catalyzed by Humicola lanuginosa lipase. A sucrose conversion of 70% and 80% 
was achieved for the synthesis of 6-O-lauroyl sucrose and 6-O-palmitoyl sucrose, 
respectively (Ferrer et al., 1999). The highest productivity of mono-O-palmitoyl 
sucrose as catalyzed by Candida antarctica lipase B at 60 °C was obtained (45 
g/l) in a reaction system of 2-methyl-2-butanol with 15% DMSO co-solvent 
(Reyes-Duarte et al., 2005). In this work; however, the highest initial synthetic rate 
of 6-O- and 6’-O-stearoyl sucrose as catalyzed by Candida antarctica lipase B at 
50 °C was found in a reaction system of 2-methyl-2-butanol containing 45% 
pyridine with the value of  2.55 µM/min and 1.63 µM/min, respectively. In the 
reaction system, solid sucrose was dissolved at a maximum solubility of 4.79 mM 
and continuously consumed for 6-O- and 6’-O-steroyl sucrose synthesis. After 4 
days the sucrose concentration started to decline (see Fig 27 and Table 11).  
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Fig 27  Production of 6-O- and 6’-O-stearoyl sucrose as catalyzed by Candida antarctica  
lipase B at 50 °C in 2-methyl-2-butanol containing 45% Pyridine. 
Reaction condition: 0.03 M sucrose; 0.1 M vinyl stearate; 20 g/l CALB; 20 g/L 
molecular sieve;  250 rpm, 50 °C 
Symbols: 6-O-stearoyl sucrose (-■-), 6’-O-stearoyl sucrose (-♦-), sucrose (-▲-)  
 
7.2  
Effect of hydrophilic co-solvents on regio-selectivity 
 
In general, the reaction system influences the enzyme activity and specificity (Ryu 
and Dordick., 1991; Wescott and Klibanov., 1993), enantioselectivity (Parida and 
Dordick., 1991; Tawaki and Klibanov., 1992; Berglund., 2001) chemoselectivity 
(Tawaki and Klibanov., 1993) and regioselectivity (Rubio et al., 1991). By 
changing the ratio of hydrophobic to hydrophilic solvent, the regioselectivity of 
Candida antarctica lipase B was changed (Paper 4, Ritthitham et al., 2009). The 
effect of DMSO as a co solvent in 2-methyl-2-butanol on the synthesis of              
6-O-lauroyl sucrose as catalyzed by Thermomyces lanuginosus  lipase was 
reported by Ferrer et al.,(1999) and Ferrer et al., (2002a). A high content of           
6-O-lauroyl sucrose  
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was obtained in a reaction system with DMSO concentration higher than 15% 
while the DMSO concentration lower than 10% increased the synthesis of 6,6’-di-
O-lauroyl sucrose and 6,1’-di-O-lauroyl sucrose.  In this work, the decreasing of 
the overall regio-selectivity of Candida antarctica lipase B for the synthesis of 6-O-
stearoyl sucrose was in the order of no co-solvent> 45% pyridine> 55% 
pyridine>20%DMSO (see Table 12). A distribution ratio (defined as molar ratio of 
6-O to 6’-O-stearoyl sucrose at steady state) was in a range of 1.1-1.5 in a 
reaction system with hydrophilic co-solvents and the ratio was changed from 2:1 
in the absence of co-solvent to 1:1 in the presence of DMSO. 
 
Table 12 Effect of hydrophilic co solvents on the regio-isomeric and distribution  
    ratio  
 
 
 
 
 
 
 
 
 
            a 
:initial synthetic rate of 6-O-stearoyl sucrose/ initial synthetic rate of 6’-O-stearoyl sucrose
 
 
                            b
:6-O-stearoyl sucrose (M)/ 6’-O-stearoyl sucrose (M)
 
 
 
By controlling the hydrophilicity of the reaction system, the synthesis of 1’-O-
butoyl sucrose as catalyzed by subtilisin BPN’ and subtilisin Carlsberg was 
preferentially over 6-O-butoyl sucrose (Rich et al., 1995). In the explanation, the 
hydrophilic solvent is capable to solubilize and stabilize the sucrose molecule. The 
increasing of hydrophobic solvent greatly reduced the degree of salvation of the 
glucose moiety in the medium; therefore, the reactivity of 1’-OH relative to 6-OH 
was reduced.  
 
 
 
Co-solvent 
2-methyl- 
2-alcohol 
Regio-isomeric ratio
a
 Distribution ratio
b
 
None Propanol 2.20 2.31 
 Butanol 2.12 1.73 
45% pyridine Propanol 1.47 1.46 
 Butanol 1.53 1.29 
55% pyridine Propanol 1.42 1.31 
 Butanol 1.54 1.37 
20% DMSO Propanol 1.14 1.17 
 Butanol 1.23 1.15 
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8. 
Conclusion and outlook 
 
In this work, the synthesis of O-acyl sucrose in hydrophilic solvents was studied 
using alkaline protease from Bacillus pseudofirmus AL 89 and Candida antarctica 
lipase B as biocatalysts.  The stability of the protease was investigated by 
dissolving lyophilized enzyme in different reaction media and determination of the 
proteolytic activity in aqueous buffered solution. The stability of alkaline protease 
was highest in DMF with a half life (td(1/2)) of 10 min and the stability decreased in 
the order of  td(½)DMF>  td(½)DMF-DMSO = td(½)water> td(½)DMSO.   
 
In DMF-DMSO (1:1 v/v) solvent mixture alkaline protease AL 89 regioselectively 
catalyzed the synthesis of 2-O-acyl sucrose (see Fig 27, black arrow) and the 
transformation of  2-O-acyl sucrose to 3-O-acyl sucrose (see Fig 27, white arrow). 
The optimal reaction conditions for O-acyl sucrose synthesis were found at 0-2% 
(v/v) water and 70 °C with a substrate molar ratio of sucrose and vinyl fatty acid 
1:1.5. Varying the vinyl fatty acid chain length from C10 to C18 did not significantly 
affect the transesterification rate. 
 
With Candida antarctica lipase B as biocatalyst in organic solvents, sucrose was 
acylated at 6-OH and 6’-OH. Adding of hydrophilic co-solvents to the reaction 
system of tertiary alcohols affected sucrose solubility, initial synthetic rate and the 
enzyme regio-selectivity.  The highest initial synthetic rate of 6-O- and 6’-O-
stearoyl sucrose was found in the reaction system consisting of 45% pyridine in 2-
methyl-2-butanol with a value of 25.68 and 16.78 n moles/min, respectively. Solid 
sucrose was continuously solubilized and converted into the corresponding esters 
as the reaction proceeded. As an effect of co-solvent, the regiomeric distribution 
ratio of 6-O-stearoyl sucrose to 6’-O-stearoyl sucrose varied from 2:1 to 1:1 in the 
reaction system with no-co solvent and co solvent with 20% DMSO respectively. 
The control of enzyme selectivity for the synthesis of 6-O-stearoyl sucrose by 
incorporated hydrophilic solvents decreased in the order of no-co solvent > 45% 
pyridine > 55% pyridine >20%DMSO. Thus the preference for 6-O-acyl sucrose 
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synthesis as catalyzed by Candida antarctica lipase B decreased, especially 
when the DMSO was used as co solvent (see Fig 28, black arrow). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 28  Regioselectivity of alkaline protease AL 89 and Candida antarctica lipase B for  the  
 synthesis of O-acyl sucrose in organic solvents 
  
 
The separation of mono-O-caproyl sucrose regio-isomers was performed by 
column chromatography. The first column with AccuBOND C18 stationary phase 
was used for the separation of mono-O-caproyl sucrose from oligo-O-caproyl 
sucrose and unreacted substrates. The mono-O-caproyl sucrose regio-isomers 
absorbed onto the stationary phase could be stepwise eluted from the column at 
80% (v/v) methanol in water. The mono-O-caproyl sucrose fraction containing 
seven regio-isomers was further separated by Lichrosorb RP 18 preparative 
HPLC column using a gradient of acetonitrile in water. The structural analysis of 
the purified regio-isomers was performed by NMR and MS with the substitution 
identified at the C-2, C-3, C-4, C-6, C-3, C-4’, and C-6’ position, respectively.  
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During the drying process, a high content of 3-O-caproyl sucrose in the purified    
2-O-caproyl sucrose fraction was observed as the effect of acyl migration. In the 
presence of water at 60 °C, the formation of 3-O- and 6-O-caproyl sucrose from 
the purified 2-O-caproyl sucrose was detected as impurities. However, the 
migration was minimized when performing the drying process by lyophilization as 
96% of purified 2-O-caproyl sucrose was obtained with the impurity of 3-O-caproyl 
sucrose. The purified 3’-O-caproyl sucrose was more stable than the purified 2-O-
caproyl sucrose under lyophilization as no impurity was detected by HPLC. Thus, 
the results clearly demonstrated that the temperature is one of the key parameters 
controlling the acyl migration and thereby the purity of 2-O- and 3’-O-caproyl 
sucrose. The separation and purification of mono-O-caproyl sucrose regio-
isomers presented in this work facilitates further characterization and comparison 
of the specific properties of the respective regio-isomers.  
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